Introduction {#Sec1}
============

Global warming threatens the persistence of plants^[@CR1],[@CR2]^. Recent plant range shifts towards the poles and higher altitudes^[@CR3],[@CR4]^, higher plant mortality, decreased growth, and lower reproductive and recruitment rates near the warmer boundaries of plant ranges^[@CR5],[@CR6]^ indicate that suitable plant habitats are being shifted towards higher latitude or altitude areas. As plants cannot move themselves, they must locally adapt to warmer environments or disperse their seeds towards colder areas^[@CR7]^.

Seed dispersal towards a higher or lower altitude (i.e. vertical seed dispersal), is probably a key characteristic of plants that enables plant populations to escape from increasing temperatures^[@CR8],[@CR9]^, considering that the temperature decrease with increasing altitude (ca. −0.6 °C per 100 m altitude) is 100--1000 times more than that with an equivalent latitudinal distance^[@CR10]^. Actually, plant geographical distributions are tracking global warming altitudinally rather than latitudinally, and the extent of tracking is considered to be large in plants with better-dispersed traits^[@CR7]^. Nevertheless, studies related to vertical seed dispersal are very limited: exceptions are studies which confirm that juvenile trees above alpine treelines are from seed sources below treelines by conducting genetic parentage analysis between juvenile and adult trees^[@CR11],[@CR12]^. Remarkably, vertical seed dispersal itself was only recently evaluated, as it was too costly and too technically difficult^[@CR13]--[@CR15]^. There are only two recent studies which evaluated vertical seed dispersal: one by using the oxygen isotope ratios of seeds^[@CR8]^, and another by using experimental seed mimics^[@CR9]^. The lack of information on vertical seed dispersal, such as its direction, frequency, and mechanism, limits our understanding of how plants and forests respond to global warming.

Naoe *et al*. developed a method to detect vertical seed dispersal itself, using the altitudinal gradient of the oxygen isotope ratios of seeds to locate the altitudes of mother plants^[@CR8],[@CR13]^. They targeted summer-fruiting wild cherries in temperate forests in Japan and showed that their seeds are dispersed towards the mountain tops by frugivorous mammals, thereby successfully escaping global warming. They concluded that this biased seed dispersal was due to the ascent of mammals following the spring-to-summer phenology of their food plants, proceeding from the foot to the tops of mountains in the temperate zone^[@CR16],[@CR17]^ (Fig. [1a](#Fig1){ref-type="fig"}). These data suggest that spring- and summer-fruiting plants dispersed by animals have a possibility to escape global warming. However, this may not be the case with many other plants which fruit later.Figure 1Hypothetical relationship between vertical seed dispersal and fruiting season. (**a**) Vertical seed dispersal toward the mountain tops by mammals that are following the spring-to-summer plant phenology^[@CR8]^. The spring-to-summer plant phenology proceeds from the foot to the mountaintops. Midway through the season, fruits are no longer available at low altitudes, ripe fruits are available at middle altitudes, and fruits are not yet ripe at high altitudes. (**b**) Hypothetical vertical seed dispersal toward the foot of the mountains by mammals that are following the autumn-to-winter plant phenology. The autumn-to-winter plant phenology proceeds from the top to the foot of mountains. Midway through the season, fruits are no longer available at high altitudes, ripe fruits are available at middle altitudes, and fruits are not yet ripe at low altitudes.

Seed dispersal towards lower altitudes can occur if frugivorous animals descend following autumn-to-winter plant phenology in the temperate zone, proceeding from the top to the foot of mountains^[@CR8],[@CR16],[@CR18]^ (Fig. [1b](#Fig1){ref-type="fig"}). In fact, many temperate frugivorous birds and mammals are known to descend the mountains from autumn to winter^[@CR19]--[@CR22]^. We hypothesized that the seeds of autumn- and winter-fruiting plants are dispersed towards lower altitudes because of the downhill movement of frugivorous animals following the autumn-to-winter phenology of their food plants. Considering that seed dispersal towards lower altitudes under global warming can lead to plant population reductions because reduced plant performance is expected at lower altitudes due to competition with more warm-adapted plants^[@CR23]--[@CR25]^ and that many of temperate woody species depend on animals for seed dispersal and produce fruits in autumn and winter^[@CR26]^, testing this hypothesis is essential from both a biodiversity conservation and ecosystem functioning of temperate forests perspective.

To test the hypothesis, we evaluated the vertical seed dispersal of the autumn-fruiting wild kiwi *Actinidia arguta*, which is dispersed by temperate mammals^[@CR27],[@CR28]^ (Fig. [2](#Fig2){ref-type="fig"}). We collected dispersed seeds from mammal faeces in central Japan and estimated the vertical seed dispersal distance using the oxygen isotope ratios of dispersed seeds.Figure 2Wild kiwi *Actinidia arguta* and its seed dispersers. (**a**) Fruits of wild kiwi, (**b**) Faeces of Asian black bears containing seeds of wild kiwi, (**c**) Asian black bear, (**d**) Japanese macaque, (**e**) Raccoon dog, and (**f**) Japanese marten.

Results {#Sec2}
=======

A total of 15,661 dispersed *Actinidia arguta* seeds were collected from the faeces of the Asian black bear, the Japanese macaque, the raccoon dog, and the Japanese marten, listed in descending order of body size (See Fig. [2](#Fig2){ref-type="fig"} and Table [S1](#MOESM1){ref-type="media"}). Each mammal accounted for more than 10% of the total dispersed seeds (Fig. [3a](#Fig3){ref-type="fig"}). Mean oxygen isotope ratio of seeds collected in the feces of Asian black bears, Japanese macaques, raccoon dogs, and Japanese martens were 15.7 ± 0.2, 16.0 ± 0.2, 15.7 ± 0.1, and 15.4 ± 0.1 m SE, respectively. The overall range of the oxygen isotope ratio of dispersed seeds was 13.53--17.45‰. Because the range of oxygen isotope ratio of the calibration line (i.e., the negative correlation between altitudes and the oxygen isotope ratio of non-dispersed seeds collected at 600--1,280 m a.s.l., see *Materials and Methods*) was 15.09--17.73‰^[@CR13]^, some vertical seed dispersal estimate is the result of an extrapolation (see *Discussion* for details).Figure 3Downhill seed dispersal by mammals. (**a**) Proportion of seed dispersal by Asian black bears, Japanese macaques, raccoon dogs, and Japanese martens. (**b**) Vertical seed dispersal distance by each mammal (mean ± standard error). Positive and negative values indicate seed dispersal toward the top and foot of the mountains, respectively.

Based on the Bayesian inference, the direction of seed dispersal by all mammal species was biased towards the foot of the mountains (Asian black bear: 63% of the seeds were dispersed downhill---the 95% credible intervals of its dispersal distance did not cross zero, and 10% of them were dispersed uphill, and the remaining 27% were neither, Japanese macaque: 28% downhill, 17% uphill and 55% neither, raccoon dog: 13% downhill, 8% uphill and 79% neither, and Japanese marten: 40% downhill, 8% uphill and 52% neither)(Fig. [S2](#MOESM1){ref-type="media"}). Mean vertical seed dispersal distances by Asian black bears, Japanese macaques, raccoon dogs, and Japanese martens were −393.1 ± 88.1, −98.5 ± 84.8, + 4.5 ± 70.7, and −245.3 ± 57.5 m SE, respectively (Figs [3b](#Fig3){ref-type="fig"} and [S3](#MOESM1){ref-type="media"}). The dispersal distances differed because mammals with larger home ranges dispersed seeds further towards the foot of the mountains (Fig. [4](#Fig4){ref-type="fig"}). Vertical seed dispersal distance differed among mother plants at different altitudes (Fig. [5](#Fig5){ref-type="fig"}). Seeds produced by mother plants at high altitudes were intensively dispersed towards the foot of the mountains, while seeds produced at lower altitudes were moderately dispersed towards mountain tops.Figure 4Mammals having larger home range sizes dispersed seeds longer toward the foot of the mountains. A logarithmic regression between mean vertical seed dispersal distance and home range size of each mammal was conducted: y = −78.07 ln(x) + 252.86, *r* = 0.83.Figure 5Seeds produced at higher altitudes were dispersed longer toward the foot of the mountains. Linear regressions between vertical seed dispersal distance and altitude of the mother plant were conducted (Asian black bears, *r* = 0.88, *t* = −9.78, *P* \< 0.0001, *n* = 30; Japa*n*ese macaques, *r* = 0.96, *t* = −13.56, *P* \< 0.0001, *n* = 18; raccoon dogs, *r* = 0.81, *t* = −6.51, *P* \< 0.0001, *n* = 24; Japanese martens, *r* = 0.87, *t* = −12.07, *P* \< 0.0001, *n* = 48).

Discussion {#Sec3}
==========

Highly biased seed dispersal towards the foot of the mountains, coinciding with the known descent of temperate frugivores including our target mammals during the autumn-to-winter season^[@CR19]^, was probably due to the autumn-to-winter phenology of the food plants of mammals (Fig. [1](#Fig1){ref-type="fig"}). The autumn-to-winter phenology of plants, including fruit production, proceeds from the top to the foot of mountains in the temperate zone^[@CR16],[@CR18],[@CR29],[@CR30]^. Furthermore, temperate mammals and birds are highly dependent on plants during autumn and winter, when fruits are abundant^[@CR31]--[@CR33]^. Thus, mammals are likely to descend mountains following the phenology of their food plants, resulting in biased seed dispersal towards the foot of the mountains (Fig. [1b](#Fig1){ref-type="fig"}). However, mammals' simple tracking of descending plant phenology does not seem to be the sole causal factor. This is because seed retention time in the gut of target mammals does not exceed 45 hours^[@CR34]^, which is not long enough for plant phenology to descend 300 m, the distance achieved by seed dispersal. In addition to plant phenology, two causal factors, which are not mutually exclusive, are presumed for enhancement of downhill seed dispersal. These factors are the topography of mountains and daily foraging patterns of mammals. Larger surface areas at lower altitudes than at higher altitudes can cause downhill seed dispersal if mammals move randomly in mountains^[@CR9]^, although animal behaviour can mask this bias depending on the situation (i.e. strong uphill seed dispersal by mammals in summer-fruiting cherries)^[@CR8]^. In addition, although target mammals inhabit deciduous forests, some individuals routinely visit human settlements to feed on agricultural crops and then return to the forests^[@CR19],[@CR35]^. This foraging pattern can result in downhill seed dispersal because compared to deciduous forests, human settlements are usually located at lower altitudes. In fact, bears in the study site frequently consumed autumn crops, including walnuts (*Juglans mandshurica*), chestnuts (*Castanea crenata*), and persimmons (*Diospyros kaki*) in abandoned fields near human settlements located 500--900 m a.s.l., as well as acorns of the Mongolian oak (*Quercus crispula*), which is distributed in the deciduous forests above 800 m a.s.l^[@CR35]^. Although mother plants located at low altitudes recorded several uphill seed dispersal, possibly because of the ascent of bears from human settlements, the frequency was lower compared with that of downhill seed dispersal of mother plants at higher altitudes (Fig. [5](#Fig5){ref-type="fig"}). Owing to the fact that some or all fruits available near human settlements are preferred by all target mammals^[@CR19],[@CR36]^, the same mechanism would have occurred with other mammals. It is noteworthy that the triggers of downhill seed dispersal (i.e. larger surface areas and attractive human crops at low altitudes) are very common phenomena worldwide^[@CR37]^, and thus, likely to cause downhill dispersal of autumn-to-winter fruiting plants in other temperate mountain systems.

By targeting fleshy-fruited plants of which seeds are dispersed via animal feces, we supported our hypothesis that the seeds of autumn-fruiting plants are dispersed towards the foot of mountains by animals though we could not quantify the independent effect of the three triggers causing downhill seed dispersal. Downhill seed dispersal can lead to a reduction in the plant population under global warming, because plant performance (i.e., survival, growth, and reproduction) is strongly reduced by novel competitive plants in lower altitude environments^[@CR23],[@CR25]^. In fact, a study^[@CR38]^ reported lower fruit production of *Actinidia arguta* in lower altitudes compared to the centre of vertical species distribution. In our study, we observed a low but non-negligible frequency of uphill seed dispersal, which can help plant escape from warming temperatures (Figs [5](#Fig5){ref-type="fig"}, [S2](#MOESM1){ref-type="media"} and [S3](#MOESM1){ref-type="media"}). Does such uphill seed dispersal substantially contribute to maintenance of the dominance of autumn-to-winter fruiting plants in future plant communities? Strong uphill seed dispersal is expected to occur in spring-to-summer fruiting plants dispersed by animals^[@CR8]^ and relatively unbiased, wind- and explosion-mediated seed dispersal is likely to occur in abiotic-dispersed plants. Thus, in terms of dispersal, the frequency of uphill seed dispersal of autumn-to-winter fruiting plants will be low compared to other plants, and it make them difficult to maintain the current dominance at higher altitudes. But the likelihood that uphill seed dispersal events will translate into the uphill movement of a plant population depends on both the total number of seeds dispersed and the proportion of these that survive to reproduce^[@CR7]^. The proportion of recruitment depends on environments which can be very different among locations. For example, in East Asia, where plant species richness is high^[@CR39]^, interspecific competition for recruitment is intense compared to Europe^[@CR40]^ and thus much uphill seed dispersal will be needed. In mountaintops, smaller land surface area is likely to increase interspecific competition, and harsh environments such as strong wind and poor soil^[@CR41]^ will prevent the colonization of stress-intolerant plants coming from lower altitudes. Therefore, we need to carefully evaluate the recruitment performance of focal plants to answer whether they can escape from warming temperature by the aid of observed uphill seed dispersal. As for our target *A. arguta*, its recruitment performance is quite low compared to that of many other co-occurring woody species^*unpubl*^ and thus maintaining its current dominance in plant communities seems difficult. It is noteworthy that we observed the considerable amount of dispersed seeds were neither of downhill or uphill dispersal in terms of the 95% credible intervals (Fig. [S2](#MOESM1){ref-type="media"}). These relatively short distance seed dispersal can contribute to maintain plant population at its present location until the location becomes completely unsuitable for recruitment and thus may slow total population decrease in mountains. In addition to uphill seed dispersal, rapid evolution *in situ* might be how plants cope with warming crises, but the evidence from the paleoecological record of range shifts and local extinctions does not support this possibility^[@CR7]^. Importantly, rapid evolution is not expected to occur in woody species which have long generation times^[@CR42]^ and thus need a longer period of time to adapt. In this study, we focused on fleshy-fruited plants, one of three types of animal-dispersed plants (the others are synzoochorous and epizoochorous plants). Fleshy-fruited plants account for ca. 35--42% of woody species in temperate forests^[@CR43]^ and that most of them fruit in the autumn-to-winter period. Therefore, aside from recruitment performance, dominance of downhill seed dispersal against uphill one observed in *A. arguta* possibly suggest large changes in species composition and ecological function in temperate forests due to global warming. The same phenomenon may occur in synzoochorous trees whose nuts are transported and cached by animals represented by rodents and corvids^[@CR44]^. Rodents have small home ranges and disperse seeds short distances^[@CR45],[@CR46]^ and thus they are unlikely to conduct detectable vertical seed dispersal. In addition, they mainly act as seed predators rather than seed dispersers^[@CR44]^. On the other hand, corvids such as nutcrackers and jays have large home ranges and can disperse seeds long distances^[@CR47]--[@CR49]^, and are likely to conduct downhill seed dispersal in autumn and winter. If downhill seed dispersal frequently occurs in synzoochorous trees, the forest changes will be even more intense, because this plant group includes *Fagaceae* trees, which dominate in temperate forests in terms of biomass and produce acorns in autumn on which many animals depend. In the light of the precautionary approach, it is necessary to evaluate whether our hypothesis holds true in whole animal-dispersed plants in the temperate zone.

Although seed dispersal generally occurred in a downhill direction, seed dispersal varied in different animals. Mammals with larger home ranges dispersed seeds longer towards the foot of the mountains (Fig. [4](#Fig4){ref-type="fig"}). Macaques and raccoon dogs dispersed seeds less than 100 m on average but bears and martens dispersed seeds several hundred meters towards lower altitudes. Therefore, fruit consumption by macaques and raccoon dogs reduces the distance of downhill seed dispersal by decreasing the opportunity for consumption and dispersal of the same seeds by bears and martens. Seed dispersers with small home ranges do not contribute much to plant expansion but they can contribute to plant persistence at their present location. The directionality of vertical seed dispersal can affect plants positively or negatively under climate change: uphill or downhill seed dispersal are advantageous or disadvantageous, respectively, for plant escape and expansion under global warming, and are disadvantageous or advantageous, respectively, under global cooling. Considering that a bias in the direction of seed dispersal can be harmful or helpful to a plant population depending on the conditions, having multiple seed dispersers with different seed dispersal distances may help plants survive climate change in the long term.

It is noticeable that our evaluation on vertical seed dispersal includes some caveats. First, some vertical seed dispersal is the result of an extrapolation: the calibration line (see *Materials and Methods* for details) is based on non-dispersed seeds collected at the lower altitudes (i.e. 600--1,280 m a.s.l.) and the range of oxygen isotope ratio (15.09--17.73‰)^[@CR13]^ was smaller than that of dispersed seeds (13.53--17.45‰). This indicates that its statistical reliability of estimate is relatively poor, and it was reflected in the large 95% credible interval of each seed dispersal distance, especially in long-distance seed dispersal (Fig. [S2](#MOESM1){ref-type="media"}). We estimated several strong downhill seed dispersal exceeding 1,000 m vertical distance in terms of mean value. Although our study area is steep and thus vertical seed dispersal can occur with short animal movement^[@CR8]^, mammals need to move more than 10,000 m horizontal distance to achieve 1,000 m vertical distance. Such long movement during gut passage time seems rare for target mammals except bears^[@CR34],[@CR50]--[@CR52]^, although the literature studying the movement pattern and gut passage time of target mammals are limited. Therefore, we need to be careful about the interpretation of the mean value of such extreme long-distance vertical seed dispersal. Although the accuracy of the estimate does not affect overall patterns (i.e., dominance of downhill seed dispersal detected in the 95% credible interval) (Fig. [S2](#MOESM1){ref-type="media"}), in future study, it is desirable to find ways to increase the accuracy seed dispersal estimate including using a calibration line based on non-dispersed seeds collected in the full altitudinal range of focal plant species, and multiple isotopes for estimate^[@CR53]^. Second, in this study, we only focused on seed dispersal process and did not investigate how target mammals treat seeds which can differ among species. Considering that the proportion of damaged seeds of *A. arguta* in feces is less than 7%, regardless of target mammals^[@CR28],[@CR54]^, and that the proportion of seedling emergence of *Prunus* from faeces do not differ among target mammals^*unpub*^, differences in seed treatment among species would probably be small. Diploendozoochory (i.e., seed dispersal that involves the ingestion of the seed by two or more separate species of animals in sequence)^[@CR55]^ by target mammals would probably be rare, because the frequency of their faeces containing the remains of frugivorous bird/mammal is nearly 0% in autumn^[@CR32],[@CR56],[@CR57]^. Third, we could not evaluate annual variation of vertical seed dispersal. In the study year, fruit production of *Fagaceae* trees was relatively poor^[@CR35]^. When fruit availability is low, frugivores spatially move longer searching for fruits and thus disperse seeds longer^[@CR34],[@CR58]^. Therefore, the magnitude of vertical seed dispersal distance may decrease in abundant fruiting year. Masting of such dominant animal-dispersed plants may also affect seed dispersal patterns by changing the population and behaviour of various animals^[@CR31],[@CR59]--[@CR61]^.

Previous studies predicting vegetation dynamics under global warming have ignored or poorly incorporated the process of seed dispersal. However, such predictions can be quite different from actual vegetation dynamics^[@CR62],[@CR63]^. Especially, predictions about vertical vegetation dynamics may be unrealistic because, as we showed in this and previous studies^[@CR8]^, vertical seed dispersal can be highly directional. We know very little about vertical seed dispersal; however, we need to approach its mechanisms to better understand vegetation dynamics. In our study, the vertical seed dispersal distance was correlated with mammal home ranges (Fig. [4](#Fig4){ref-type="fig"}) and we found, opposite, but similar, absolute vertical seed dispersal distances between autumn-fruiting kiwis and summer-fruiting cherries (by bears: −393.1 m in kiwi and +307.2 m in cherry, by martens: −245.3 m in kiwi and +193.0 m in cherry)^[@CR8]^. These data suggest that the distance and direction of vertical seed dispersal by animals in the temperate zone may be predicted by the home range of the seed disperser and the fruiting season of the plants. However, species-specific animal behaviour may also affect vertical seed dispersal patterns. A study^[@CR9]^ reported less limited uphill seed dispersal towards deforested mountaintops by habitat generalist species (the red fox *Vulpes vulpes*) compared to the one by forest specialist species (the pine marten *Martes martes*). In our study, the mean vertical seed dispersal distance by raccoon dogs was larger than that expected from their home range (Fig. [4](#Fig4){ref-type="fig"}): they dispersed seeds uphill more frequently than that by other mammals (Figs [S2](#MOESM1){ref-type="media"} and [S3](#MOESM1){ref-type="media"}). Raccoon dogs are known to communicate to each other by the communal utilization of latrines of which locations are fairly stable throughout the year^[@CR64]^. The adherence to shared latrines at high altitudes, even after the environmental conditions such as fruit availability and weather, became harsh in autumn, might have caused them to ascend mountains resulting in uphill seed dispersal. We also need to consider the fact that vertical seed dispersal may be affected by the characteristic of each mountain system, such as steepness and vertical distribution of the habitat (especially in a fragmented landscape), which promote or inhibit animal movements, and summit altitude, which limits seed dispersal distance^[@CR9]^. Moreover, global warming itself can change the behaviour and ecology of seed dispersers^[@CR65],[@CR66]^, resulting in changes in vertical seed dispersal in the future. Changes in altitudinal vegetation due to seed dispersal by animals and climate change are also likely to alter the movement and ecology of animals (i.e. feedback of animal behaviour). Much more information about the response of animals and plants to global warming along an elevational gradient is needed for reliable prediction how global warming changes future vertical seed dispersal. In addition to studying vertical seed dispersal *per se*, linking knowledge of well-studied horizontal seed dispersal to vertical one will be effective, considering that both seed dispersal are different aspects of the same seed movement which is intrinsically described in three dimensions. In fact, a study^[@CR9]^ reported a positive correlation between vertical and horizontal seed dispersal distance. Furthermore, a positive correlation between seed dispersal distance and the home range of animals was also reported in studies of horizontal seed dispersal^[@CR67],[@CR68]^. Accumulating the studies of vertical seed dispersal and utilizing our knowledge of horizontal seed dispersal are both necessary to reveal the mechanisms of vertical seed dispersal. Clarifying the mechanisms of vertical seed dispersal and evaluating the recruitment performance of seeds dispersed to different altitudes, will enable realistic predictions of vegetation dynamics under global warming conditions.

Material and Methods {#Sec4}
====================

Overview of vertical seed dispersal estimation {#Sec5}
----------------------------------------------

We can evaluate vertical seed dispersal distance, that is, the vertical distance between the altitude of each dispersed seed and that of its mother plant estimated from the oxygen isotope ratio of the dispersed seed^[@CR8]^. Negative correlations between altitudes and oxygen isotope ratio of seeds in various temperate plants, including the target species, *Actinidia arguta*, were previously reported^[@CR13]^. We can determine the altitude of a mother plant by using the negative correlation and oxygen isotope ratio of a dispersed seed, and then estimate the vertical seed dispersal distance by subtracting the altitude of the mother plant from that of the dispersed seed^[@CR8],[@CR13]^.

Study sites {#Sec6}
-----------

This study was conducted at Okutama in the Kanto Mountains (ca. 8,000 km^2^), approximately 100 km west of Tokyo, Japan (See Fig. [S1](#MOESM1){ref-type="media"}). The mean annual precipitation from 1981 to 2010 at 530 m above sea level (a.s.l.) was 1,624 mm, and the mean annual temperature was 11.9 °C (range: 1.3 °C in January to 23.2 °C in August)^[@CR69]^. The study area is mountainous and mostly covered with forest vegetation. Natural forests and conifer plantations (*Cryptomeria japonica* or *Chamaecyparis obtusa*) cover 41.3% and 50.3% of the area, respectively^[@CR28]^. The natural forests are dominated by *Quercus serrata* and *Castanea crenata* in the hilly zone (400--800 m a.s.l.); *Quercus crispula* and *Fagus crenata* in the montane zone (800--1800 m a.s.l.); and *Abies veitchii* and *Tsuga diversifolia* in the subalpine zone (1800--2500 m a.s.l.)^[@CR28],[@CR35],[@CR70]--[@CR72]^. Forest floors are densely covered by herbs and shrubs, represented by a dwarf bamboo *Sasamorpha borealis*, but the drastic increase of the Sika deer (*Cervus nippon*) population since the 1990s is now threating the understory vegetation^[@CR70]^. Most human settlements in the area are found between 500 and 900 m a.s.l^[@CR35]^.

Selection of plant species {#Sec7}
--------------------------

We selected *A. arguta* as the study species, which is widely distributed in Japan, Korea, Northern China, and Russian Siberia. The vertical distribution of *A. arguta* in the study region is from the sea coast to the subalpine zone, but its main distribution is the montane zone (i.e., 800--1800 m a.s.l. at study site)^[@CR73]^. *Actinidia arguta* is a deciduous woody vine with a mean diameter at breast height (DBH) of 4.4 cm^[@CR74]^. *A. arguta* is a stem twiner^[@CR74]^ and it prefers light habitats represented by forest edges and gaps^[@CR75]^. It produces oval green fruits (average 19 mm in length and 17.5 mm in width) from mid-August to November^[@CR27]^. Each fruit contains ca. 80 seeds (2 mm diameter). Inconspicuously coloured fruits, large fruit sizes, and many small seeds in a fruit are characteristics of mammal-dispersed plants^[@CR26]^. In fact, *A. arguta* is one of the most preferred fruits of temperate frugivorous mammals^[@CR76]^ and is seldom eaten by birds^[@CR27]^. At study site, *A. arguta* is the most preferred fruits of mammals in terms of the percent of frequency of occurrence in the faeces and the number of dispersed seeds^*unpub*^.

Survey route {#Sec8}
------------

We established a 16 km survey route (550--1,650 m a.s.l.) to collect mammal-dispersed seeds along unpaved forestry roads and animal trails (0.8--2 m in width). The route includes all representative vegetation types in the study site^[@CR77]^. Asian black bears (*Ursus thibetanus*, frugivorous), wild boars (*Sus scrofa*, not frugivorous*)*, sika deer (*Cervus Nippon*, not frugivorous), Japanese serows (*Capricornis crispus*, not frugivorous), Japanese macaques (*Macaca fuscata*, frugivorous), badgers (*Meles meles*, frugivorous), raccoon dogs (*Nyctereutes procyonoides*, frugivorous), and Japanese martens (*Martes melampus*, frugivorous) in descending order of body size, were observed on the route using four camera traps set in 2010 and 2011^[@CR8]^. As for Asian black bears, which had the largest home ranges among the targeted mammals (i.e. a mean of 3,450 ha in the study area), seven individuals were captured and tagged in 2010 and 2011 around the route^[@CR35]^. These indicate that the mammalian biota is rich and all representative frugivorous mammals in Central Japan inhabit the region around the study route^[@CR19],[@CR36]^.

Collection of mammal-dispersed seeds {#Sec9}
------------------------------------

To collect dispersed seeds in mammalian faeces, we visited the 16 km survey route at 10-day intervals from July to October in 2010 and July to November in 2011 (accumulated sampling distance: 448 km in total in two years). All fresh faeces found on the route were examined *in situ* for *A. argut*a seeds. Mammal species were identified based on the shape and smell of the faeces, according to a reference^[@CR28]^. Each faecal sample was washed through a series of sieves (2.0, 1.0, and 0.5 mm mesh), after which the number of mature intact seeds was counted. Collected and counted seeds from bear faeces were accidentally lost during transportation for subsequent isotope analysis. However, we were able to use seeds from bear faeces along or near the route collected in 2011 for a different study^[@CR35]^ for isotope analyses. The bear faeces were efficiently collected by visiting places where GPS-attached bears inhabited from late May to November^[@CR35]^. We picked up *A. arguta* seeds from the faeces. Approximately, 40% of the seeds were from faeces collected along the route, and the remaining 60% were from faeces collected within a horizontal distance of 800 m from the route. The resulting altitudinal locations of the faeces were 690--1,540 m a.s.l. which was within the altitudinal range of the survey route (i.e. 550--1,650 m a.s.l.). Considering that the sampling locations of our study and that of the previous study^[@CR35]^ were almost identical, we assumed that the use of the replacement bear faeces would not affect our results.

Isotope analysis {#Sec10}
----------------

We subjected three seeds per faecal sample to the oxygen isotope analysis^[@CR8]^. The seed coat was removed from each seed and ground to powder^[@CR78]^. Each seed coat was weighed (approximately 0.15 mg) into silver capsules (Säntis Analytical, Milan, Italy) and rolled into balls for continuous flow (CF) combustion and isotope ratio mass spectrometry (IRMS) analysis using a high-temperature elemental analyser (TC/EA, Thermo Fisher Scientific, Waltham, Massachusetts, USA) coupled online with a mass spectrometer (Delta V plus; Thermo Fisher Scientific) using a ConFlo IV interface (Thermo Fisher Scientific). The molecular water absorbed from the atmosphere was removed in advance by vacuum-drying the samples for at least 1 night before measurements to avoid water contamination in the samples. The oxygen isotope analyses were performed by measuring the CO obtained by high-temperature carbothermic reduction of the endocarp (1,400 °C) in the presence of an excess of carbon by means of a TC/EA. Before entering the mass spectrometer, the helium stream containing CO was separated from H~2~ and N~2~ by a 1.4 m molecular sieve chromatographic column maintained at 90 °C. The sample gases were calibrated by measuring reference substances (IAEA-601 and IAEA-602 benzoin acid; 23.14‰ and 71.28‰, respectively) of known isotope composition^[@CR79]^.

The isotopic composition of a sample is conventionally expressed as the '*δ*' value by comparison with the international primary reference material (V-SMOW) as follows:$$\documentclass[12pt]{minimal}
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The standard deviation of replicates was approximately 0.2‰ (1*σ*) for measurements^[@CR13]^.

Bayesian inference of vertical seed dispersal {#Sec11}
---------------------------------------------

As explained in the above section, we estimated vertical seed dispersal distances through two processes. First, we estimated the altitude of the mother plant by determining the negative correlation between altitudes and the oxygen isotope ratio of non-dispersed seeds (i.e. calibration line), and using the oxygen isotope ratio of a dispersed seed. Secondly, we estimated vertical seed dispersal distance by subtracting the altitude of a mother plant from that of a dispersed seed. We used the negative correlation between altitudes and the oxygen isotope ratio of *A. arguta* seeds reported in the previous study (*R*^2^ = 0.55, y = −0.0024 × +19.0213)^[@CR13]^. This study was conducted at Okutama in 2013, and the non-dispersed seeds of *A. arguta* were collected at 600--1,280 m a.s.l. The negative correlation was relatively shallow compared with the other species examined (*R*^2^ \> 0.83)^[@CR8]^. This means that simply using the negative correlation as a calibration line could results in a relatively large estimation error of the altitude identification of a mother plant, and thus, vertical seed dispersal distance. To evaluate these errors quantitatively, we used Bayesian inference to estimate them as derivative parameters. We used the Markov chain Monte Carlo method (MCMC) to characterize the posterior distributions of the parameters. To run the MCMC algorithm for model fitting, we used WinBUGS (ver. 1.4.3^[@CR80]^). Uniform distributions were used as the prior distribution for all parameters. We ran the MCMC algorithm for three independent chains of 110,000 iterations. In each chain, the first 10,000 iterations were abandoned as a burn-in and the remaining chain of 100,000 iterations was thinned every 50 steps, resulting in 2,000 values per chain sampled from the posterior. Finally, 6,000 samples were obtained from three chains, which were used to yield the posterior distributions and summarize the parameters. The model convergence was assessed visually and using $\documentclass[12pt]{minimal}
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                \begin{document}$$\,\hat{R}$$\end{document}$ of all the parameters was \<1.04, indicating that our model convergence was good^[@CR81]^.

Calibration lines (more specifically, intercepts of them), which are determined by the monthly mean air temperature during seed maturation, can vary annually^[@CR8]^. Based on this, we checked the monthly mean air temperature at the nearest meteorological station located 2 km from study site (530 m a.s.l.) to determine whether we could use the calibration line in 2013 to estimate the seed dispersal distance of mammal-dispersed seeds collected in 2010 and 2011. The monthly mean air temperatures in July, during *A. arguta* seed maturation, were 23.8, 23.5, and 23.3 °C in 2010, 2011, and 2013, respectively. In other words, there was a 0.5 °C difference between 2010 and 2013, and a 0.2 °C difference between 2011 and 2013. Referring the literature which regarded 0.2 °C difference between years as identical and 0.8 °C difference as different^[@CR8]^, we excluded dispersed seeds collected in 2010 from our analysis of seed dispersal distance. As a result, we only used dispersed seeds collected in 2011 for seed dispersal distance estimate. Based on the lapse rate (i.e., ca. −0.6 °C per 100 m altitude)^[@CR10]^, a 0.2 °C difference corresponds to 33.3 m, implying that the oxygen isotope ratio of non-dispersed seeds at some altitude in 2011 might be equal to the one at the 33.3 m higher altitude in 2013. This suggests that we might underestimate the altitude of a mother plant by 33.3 m and thus overestimate seed dispersal distance, but subtracting 33.3 m from estimated seed dispersal distance do not substantially influence our results (see the large negative value of vertical seed dispersal distance in *Results*).

Relationship between absolute vertical seed dispersal distance and home range of animals {#Sec12}
----------------------------------------------------------------------------------------

To evaluate the relationship between vertical seed dispersal distance and home range of animals, we first determined the home range of each animal observed based on the literature^[@CR19]^. We excluded several references reporting home ranges of animals in environments that were very different from ours (e.g. small islands, agricultural lands). For bears, we used their home ranges in Okutama (our study area). Then we averaged the home ranges from the literature for each species. Finally, we conducted a logarithmic regression between the mean vertical seed dispersal distance of *A. arguta* and the home range of each dispersal species^[@CR77]^.
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